The neutron-rich nuclei 109 Pd and 111 Pd were produced as fission fragments following the 30 Si + 168 Er reaction at 142 MeV. Using the identification based on the coincidences with the complementary fission fragments, the only positive-parity bands observed so far in 109 Pd and 111 Pd emerged from this work. A band, built on top of the 5/2 + ground state exhibiting ∆I = 1 energy-level staggering, was observed in each of these nuclei. Both nuclei of interest, 109 Pd and 111 Pd, are suggested to lie in the transitional region of Pd isotopes of maximum γ-softness. The ground states of both nuclei are predicted by TRS calculations to be extremely γ-soft with shallow triaxial minima. The first crossing in the new bands is proposed to be due to an alignment of h 2 11/2 neutrons.
I. INTRODUCTION
The investigated in the present study 109 Pd and 111 Pd belong to the region of the neutronrich nuclei with A ≈ 100 (38,40 ≤ Z ≤ 50, N > 56). The nuclei in this region are known to exhibit a variety of structural phenomena and shapes and were for example a subject of detailed theoretical study by the Nilsson-Strutinski calculations with cranked Woods-Saxon average potential in Ref. [1] . The neutron-rich nuclei in this region undergo transition from nearly spherical vibrational to deformed rotational character. This transition is known to be more abrupt in Sr and Zr isotopes than for example in Mo, Ru and Pd isotopes [2] .
Due to the scarcity of experimental information, the gradual character of the deformation development transition in the Pd isotopes is still under investigation. The calculations cited above [1] predict that the spherical-deformed shape transition goes through a region of γ-softness in the chain of Pd isotopes. Indeed, the E(4 Pd are close to the gamma-soft O(6) limit of 2.5. Furthermore, the energy staggering behavior of the γ-bands in the Pd and Ru isotopes was investigated in details in Ref. [3] .
It was concluded that 108, 110, 112 Pd are softer than 114, 116 Pd and that Pd isotopes are softer than Ru isotopes [3] . The present study of 109 Pd and 111 Pd is intended to shed more light on the question of γ-softness in the chain of Pd isotopes. Moreover, both nuclei may be expected to form the region of maximum γ-softness for the Pd chain of isotopes.
Prior to the present work, a search for band structures in the neutron-rich nuclei 109 Pd and 111 Pd was performed using a fusion-fission reaction [4] and the negative-parity ν(h 11/2 ) bands were identified. The first crossing is proposed to be a result of ν(h 11/2 ) 2 alignment, which stabilizes the prolate shape [4] . How to understand that in the light of the expected enhanced γ-softness? The situation was expressed in Ref. [5] Considering that this is expected to be a region of maximum γ-softness for the transitional Pd isotopes, the observation of these structures is important for understanding the whole transitional region.
The aim of the present work was to find positive-parity bands in 109 Pd and 111 Pd in order to fill up the gap of missing experimental information. Furthermore, to investigate how these nuclei behave in the expected region of maximum γ-softness from one hand and a prolate driving alignment of a pair of h 11/2 neutrons on the other hand. precision for the observed transitions in 109,111 Pd. In order to study the levels decay branches further experiments are needed.
II. EXPERIMENT AND ANALYSIS
The spin and parity assignments are based on the previously known adopted values for the lowest-lying excited positive-parity states [18, 19] , systematics of the neighboring nuclei and on the fact that well defined band structures, with ∆I = 2 and ∆I = 1 transitions, are developed on top of them. Based on all that, the spin and parity assignments can be done unambiguously.
III. EXPERIMENTAL RESULTS
Positive-parity rotational (quasi-rotational) bands were observed for the first time in 109 Pd and 111 Pd in the present work and are shown in Figs. 2 and 3. Low-lying negativeparity yrast bands in both nuclei were previously observed in [4] and are displayed in Fig.   4 . They are given for completeness.
A. Positive-parity band in 109 Pd
No band structures built on the two known low-lying positive-parity states were observed in 109 Pd before the present study. The first 7/2 + and (9/2 + ) states at energies of 276 keV and 597 keV, respectively, were observed previously as single not connected levels. A positiveparity band, with two signature partners developing on both these states, was observed in the present experiment as presented in Fig. 2 . The 7/2 + state at 276 keV, as well as the one at 597 keV assumed to be with spin and parity of 7/2 + or 9/2 + , were firstly observed observed in previous studies [18] .
by M. Kanazawa et al. [20] in β − -decay experiment. The 7/2 + state together with the 276 keV transition depopulating it to the ground state were also observed by Casten et al. [21] in (n, γ) experiment, while a 596(4) keV state was observed in (d, t) experiment [22] with an assignment of 7/2 + . The 597 keV transition was not observed before the present study. We assign (9/2 + ) to the 597 keV state based on the band structure observed. Based on the fact that a rotational (quasi-rotational) band is observed, the previously existed experimental assignment of 7/2 + for the 276 keV state as well as systematics of the ground-state bands in the region, the spin and parity of all levels can be proposed quite unambiguously. Three sample spectra double gated on the 276-321 keV, 276-728 keV and on the 310-728 keV transitions are shown in Fig. 5 .
B. Positive-parity band in 111 Pd
No positive-parity rotational band was observed in 111 Pd before the present experimental study. Only two excited positive-parity states were known in 111 Pd prior to the present study, but not with the assigned spin and parity. A rotational band, with two signature partners developing on the two known levels, was extracted from the present experimental data and presented in Fig. 3 . The state at 230 keV was previously observed in (d, p), β − -decay and (n, γ) experiments with possible spin and parity assignments of 7/2 + or 9/2 + [19] .
The 230 keV transition depopulating it to the ground state was also observed [19] . The level at 523 keV was observed before in β − -decay experiments [19] . However, no spin assignment was adopted for it [19] . The 293 keV and 523 keV transitions depopulating the state at 523 keV to the 230 keV level and to the ground state, respectively, were also known [19] .
Based on the observed rotational (quasi-rotational) band structure with ∆I = 1 and ∆I = 2 transitions and on the systematics of the ground-state bands in the region, the spins and parities of the observed states can be assigned quite unambiguously. Two sample spectra Pd for which only negative-parity bands were known so far [4] .
IV. DISCUSSION
A. A region of γ-softness
The nuclei 109 Pd and 111 Pd lie in the transitional region between vibrational and rotational nuclei. It is known that this transition from sphericity to deformation in the Pd isotopes is more gradual than it is in the Sr and Zr isotopes [2] , which form one of the border at N = 50 and Z = 38,40 of the neutron-rich A ≈ 100 region. As it is also studied [1] , this transition in palladium goes rather through γ-softness than just through softness to axial quadrupole deformation. Taking into account that it is not straight forward to distinguish between triaxiality and γ-softness experimentally, the appearance of stable triaxiality is also possible. The ratios of E(4 sign of a non-axial shape (soft or rigid) [24] . The staggering effect has been analyzed in a framework of a ground-state band and a γ-band interaction (see for example [25] and references therein). Such an energy staggering was actually observed. The γ-bands in the transitional Pd region were systematically discussed in [3] and compared with the γ-bands systematics in corresponding Ru isotones. Similarly, γ-softness rather than rigid triaxiality was suggested. The staggering effect was studied. The only rotational structures in 109 Pd and 111 Pd observed before the present study were the negative-parity bands built on the low-lying 11/2 − isomer [4] (see Fig. 4 ). They were interpreted as built on an orbital in the middle of h 11/2 neutron subshell with a prolate deformation [4] . Analogous bands were observed in the neighboring odd- Pd and in the other odd-even isotopes. It could be that the second partners were just not observed in the other isotopes or that they appear, forming a ∆I = 1 band staggering pattern, only in the region of maximum γ-softness. In the latter case, as 111 Pd lies in this region of maximum γ-softness, the second signature partner, energetically shifted towards the first one, may be expected here as well. An attempt to search for it in our data was unsuccessful, probably due to the low statistics. [11] explained as a result of its smaller deformation [11, 12] . The crossing in the odd-mass isotopes is delayed with respect to the first crossing (≈ 0.35 MeV) in the neighboring even-mass Pd isotopes, explained to be due to a blocking effect caused by the h 11/2 neutron. Therefore, the alignment of h 2 11/2 neutrons rather than g 2 9/2 protons, which was the alternative interpretation, was proposed to be the nature of this crossing in the odd-mass Pd isotopes (see e.g. [4] [5] [6] [7] 12] It is known that the alignment of h 
TRS calculations for
108 Pd [12] also show a shallow prolate minimum, soft with respect to γ-and β-deformation at w = 0 MeV. With an increase of the rotational frequency the minimum moves towards soft non-axial deformation. Then, the alignment of h 11/2 pair of neutrons stabilizes the prolate shape, but the potential surface is still quite soft towards β-and γ-deformation [12] . The performed TRS calculations for 110 Pd (not shown) revealed that the potential is more γ-soft than that in 108 Pd. Kruecken et al. [5] , reported on TRS calculations for the even-even isotopes 110,112,114,116 Pd. They predict very γ-soft minima at low rotational frequency. After the alignment of the h 11/2 pair of neutrons, the prolate but otherwise γ-soft shape is going towards stabilization [5] . Will a shallow prolate minimum of a very γ-soft potential be the case of 109 Pd and 111 Pd as well?
In Fig. 7 , TRS calculations [29] for the negative-parity bands built on the 11/2 − states in 109 Pd and 111 Pd are shown. The calculations were performed separately for both signatures in both nuclei. At w = 0.100 MeV, the α = +1/2 signature partner in 109 Pd is calculated with a shallow minimum at γ = +24
• , while the α = -1/2 signature partner is at γ = -21
• .
Both surfaces reveal pronounced γ-and β-softness. The described pictures persist in both nuclei up to around the frequency at which the crossing is expected. It must be noted that both minima lie within a shallow γ-soft valley between γ ≈ +30
• to γ ≈ -30
• . Interpreting the calculations one shall consider that the minima are very shallow and the energy potential surface is predicted very soft and they may be very sensitive to the calculation parameters.
Indeed, the average γ-deformation of both minima is γ ≈ 0 • , which corresponds to a prolate shape. On the other hand, a non-axial very γ-soft shape is predicted for the branches itself. This behavior can be described as two different shallow potential wells almost symmetrically displaced from γ = 0
• for both signatures. The very low barrier between them would easily allow a change of the γ-deformation. Although only α = -1/2 signature was observed in 111 Pd, calculations for both band signatures are presented in Fig. 7 . A pronounced γ-deformation is predicted for both signatures and, especially for α = -1/2 one, at w = 0.100
MeV with γ = -28
• and β 2 = 0.248. Pd are predicted quite γ-soft with non-axial minima.
The TRS calculations do predict a band crossing with h However, the stabilization towards prolate shape is predicted at higher frequencies than the crossing, while the crossing itself goes through γ-soft non-axial behavior. The observed positive-parity bands in 109 Pd and 111 Pd appear like semi-decoupled bands, with a ∆I = 1 level-energy staggering, which can be consistent with a γ-soft potential [24] . The analogous band in 107 Pd has a rotationally-aligned behavior while odd-even level-energy staggering is revealed for the analogous bands in lighter Pd isotopes ( 101−105 Pd). Detailed theoretical studies are needed in order to explain the behavior of the positive-parity ground-state bands in the chain of Pd isotopes. The first band crossing in the observed positive-parity bands of this work, is proposed to be caused by the alignment of the h 2 11/2 neutrons. The calculations predict that this alignment drives one of the band signatures in both nuclei to a less γ-soft near-prolate shape, while a stabilization of the triaxial shape is predicted for the other signature in both nuclei. Further experiments are definitely needed in order to investigate on the predicted band signature splitting and also search for a possible stable triaxiality.
